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ABSTRACT: The two-way and three-way interactions among active-site-blocked bovine thrombin, bovine 
protein C, and the elastase fragment of rabbit thrombomodulin (elTM) were examined by analytical 
ultracentrifugation at  23.3 OC in 100 mM NaCl, 50 mM Tris (pH 7.65), and 1 mM benzamidine, in the 
presence of 0 to 5 mM calcium chloride. Thrombin and elTM form a tight (& < lo-* M) 1:l complex 
in the absence of Ca2+ that weakens with the addition of Ca2+ (& = 4 pM in 5 mM Ca2+). Without Ca2+, 
thrombin and protein C form a 1:l complex (Kd = 1 pM) and what appears to be a 1:2 thrombin-protein 
C complex. The Kd for the 1:l complex weakens over 100-fold in 5 mM CaC12. Protein C and elTM form 
a Ca2+-independent 1 : 1 complex (& = 80 pM). Nearly identical binding to thrombin and elTM is observed 
when active-site-blocked activated bovine protein C is substituted for protein C. Thrombin inhibited by 
diisopropyl fluorophosphate and thrombin inhibited by a tripeptide chloromethyl ketone exhibited identical 
behavior in binding experiments, suggesting that the accessibility of protein C to the substrate recognition 
cleft of these two forms of thrombin is nearly equal. Human protein C binds with lower affinity than bovine 
protein C. Ternary mixtures also were examined. Protein C, elTM, and thrombin form a 1:l : l  complex 
which dissociates with increasing [Ca2+]. In the absence of Ca2+, protein C binds to the elTM-thrombin 
complex with an apparent Kd = 1 pM. Nearly identical binding to elTM-thrombin was observed for activated 
protein C and protein C, suggesting that there is little discrimination between substrate and product. This 
was confirmed kinetically. Activated protein C is a potent inhibitor of its own formation both by thrombin 
alone (Ki = 0.5 pM) and by thrombin bound to elTM (Ki = 4 pM). Bovine protein C lacking the 41 amino 
acid y-carboxyglutamic acid containing peptide (Gla domain) exhibited virtually no interaction with either 
elTM or elTM-thrombin, whereas the Gla domain competed effectively and specifically with protein C in 
these interactions. Finally, binding of the Gla domain to elTM-thrombin was observed. These results indicate 
that the Gla domain may be involved directly in the binding of protein C to both thrombin and elTM. 

xombomodu l in  (TM),' an endothelial cell surface protein, 
is a cofactor for the activation of protein C by thrombin [for 
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a review, see Esmon (1989)l. TM retains activity following 
solubilization with detergents, but the soluble form exists 
predominantly in the form of large aggregates (Winnard et 
al., 1989), making physical analyses difficult. However, limited 
proteolysis of TM by elastase yields a soluble fragment, termed 
elTM, which consists of the six epidermal growth factor-like 
domains of thrombomodulin (residues 234486; Steams et al., 

Abbreviations: EDTA, ethylenediaminetetraacetate; SDS, sodium 
dodecyl sulfate; Tris, tris(hydroxymethy1)aminomethane; Gla, ?-car- 
boxyglutamic acid; PPACK, D-phenyl-L-prolyl-L-arginine chloromethyl 
ketone; DEGR, dansyl-L-glutamylglycyl-L-arginine chloromethyl ketone; 
TM, rabbit thrombomodulin; elTM, elastase fragment of rabbit throm- 
bomodulin; elTM-thrombin, 1:1 complex of the elastase fragment of 
rabbit thrombomodulin and bovine thrombin; APC, activated bovine 
protein C; gdPC, protein C lacking the N-terminal42 amino acids (Gla 
domain); M,, z-average molecular weight; EGF, epidermal growth factor. 
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1989) and retains cofactor activity (Kurosawa et al., 1987). 
The effect of ea2+ on protein C activation by elTM-T is 

complicated. The rate of activation is minimal at 0 mM CaC12, 
increases to a maximum at 0.3 mM CaCl,, and then decreases 
25-fold upon further addition of CaC1, (Kurosawa et al., 
1987). Comparable results have been obtained with other 
soluble fragments of TM produced using recombinant methods 
(Hayashi et al., 1990). On the basis of these kinetic data, it 
has been postulated that the interaction of protein C with TM 
is mediated by a ea2+ bridge. Direct physical evidence sup- 
porting such a hypothesis is lacking. 

In this paper, analytical ultracentrifugation is used to survey 
the effect of Ca2+ on the interactions between elTM, thrombin, 
and either protein C (both bovine and human) or active- 
site-inhibited activated protein C (APC). The role of the 
protein C Gla domain in the interaction of protein C with 
thrombin and elTM is examined by direct binding experi- 
ments, by competition studies, and by examining the inter- 
actions of Gla-domainless bovine protein C (gdPC). 

MATERIALS AND METHODS 
Solution Reagents. Calcium chloride hydrate, 99.9+ %, 

was purchased from Aldrich Chemical Co. DEGR and 
PPACK were purchased from Calbiochem. The chromogenic 
substrate S-2238 was purchased from Helena Laboratories. 
All other buffer components were of reagent grade. 

Protein Preparation. The following proteins and peptides 
were purified according to published methods: bovine 
thrombin (Owen et al., 1974), rabbit elTM (Kurosawa et al., 
1987), bovine protein C (Walker et al., 1979), Gla-domainless 
bovine protein C (gdPC) and the Gla peptide (Esmon et al., 
1983), and human protein C and bovine activated protein C 
(APC) (Vigano-D'Angelo et al., 1986). DEGR-inhibited 
bovine activated protein C (APCi) and PPACK-inhibited 
thrombin used in kinetic assays were prepared by incubation 
with a large molar excess of inhibitor followed by removal of 
excess inhibitor by chromatography over a Mono Q (0.5 X 
5 cm) column (Pharmacia LKB) for APCi or dialysis for the 
PPACK-thrombin. 

Proteins were prepared for analytical ultracentrifugation 
by dialysis in buffer (100 mM NaC1, 50 mM Tris-HC1, pH 
7.65, and 1 mM benzamidine) individually or as equimolar 
mixtures. Before dialysis, thrombin and protein C (and its 
derivatives) were treated with PPACK and DEGR, respec- 
tively, to minimize degradation during handling. Proteins were 
dialyzed (1000: 1 v/v) as described previously (Laue et al., 
1984) against the above buffer containing 2 mM EDTA, 0.3 
mM CaCl,, and 5 mM CaCl,, or against Chelex 100 treated 
buffer that had Chelex 100 beads (Bio-Rad) confined in 
separate dialysis bags. Protein integrity was assessed using 
SDS-polyacrylamide gel electrophoresis (Laemmli, 1970) as 
described previously (Laue et al., 1984). 

Protein Concentrations. Protein molar concentrations were 
estimated using approximate molecular weights and the fol- 
lowing extinction coefficients (1 %-' cm-l): bovine thrombin, 
21.0 (Owen et al., 1974); elTM, 6.0 (Kurosawa et al., 1987); 
bovine protein C, 13.7 (Kisiel et al., 1976); human protein C, 
14.5 (Kisiel, 1979); gdPC, 13.7 (Esmon et al., 1983). The 
extinction coefficient for APC was assumed to be 13.7. 

Sedimentation Velocity. Sedimentation velocity experiments 
were performed with both the Beckman Model E and the 
Beckman XLA analytical ultracentrifuges, at speeds of 44 000 
and 60 000 rpm, respectively, using 4-hole rotors, 12-mm 
double-sector centerpieces, and at a constant temperature 
between 20.0 and 21.0 OC. Data were collected directly into 
a computer using absorbance optics (A = 280 nm). Proteins 
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were dialyzed against buffer with 2 mM EDTA but containing 
no benzamidine, and the dialysate was used in the cell ref- 
erence sectors. PPACK-inhibited thrombin, bovine protein 
C, and elTM were examined at concentrations of 0.1,0.2, and 
0.3 mg/mL, respectively. A mixture of thrombin and elTM 
was examined at final concentrations of each protein of 0.05 
and 0.15 mg/mL, respectively. 

Apparent sedimentation coefficients were determined and 
corrected to standard conditions as described (Chervenka, 
1970) using the tabulated density and viscosity data (Weast, 
1977). Sedimentation coefficient distribution functions were 
generated (Hayes & Laue, 1990; Hayes, 1991; unpublished 
results) and extrapolated according to the method of Van 
Holde and Weischet (1978). No correction was made for 
protein concentration since at these concentrations less than 
1% error is likely (Teller, 1979). Anhydrous frictional coef- 
ficient ratios (f/fo) for thrombin, elTM, protein C, and the 
elTM-thrombin complex were determined using f calculated 
from the molecular weights and sedimentation coefficients and 
fo estimated according to the method of Teller (Teller, 1976; 
Teller et al., 1979). Frictional coefficient ratios for hydrated 
proteins (f/fH), where fH is the frictional coefficient of a hy- 
drated sphere, were calculated over a range of degrees of 
hydration (in grams of H20/gram of protein). Prolate ellipsoid 
axial ratios, a / b ,  were determined from a power series ap- 
proximation of tabulated data (Cantor & Schimmel, 1980) 
using the equation: 
a / b  = 1.0 + 2.346X1I2 + 8.297X + 8.400P - 

0.45892 + 0.0314p (1) 
where X = f/fH - 1. The coefficients in the power series were 
determined using nonlinear least-squares analysis (Johnson 
& Frasier, 1985). 

Sedimentation Equilibrium. Centrifugation was performed 
at  23.3 OC and at  the rotor speeds indicated in a Beckman 
Model E analytical ultracentrifuge equipped with an electronic 
speed control, RTIC temperature controller, Rayleigh inter- 
ference optics, and a HeNe laser light source (Williams, 1978). 
Meniscus depletion experiments (Yphantis, 1964) used ex- 
ternally loaded cells (Ansevin et al., 1970). Short-column (0.7 
mm) experiments (Yphantis, 1960) used charcoal-filled Kel-F 
centerpieces. For earlier experiments, data were recorded on 
Kodak Technical Pan film and read on an automated plate 
reader (Laue & Yphantis, 1979; Laue, 1981). Later exper- 
iments used a television camera based, on-line data acquisition 
and analysis system (Laue, 198 1; Laue, unpublished experi- 
ments). Data were collected at intervals after the estimated 
equilibrium time and tested for equilibrium by subtracting 
successive scans (Yphantis, 1964). Blank correction was 
performed as described previously (Yphantis, 1964; Laue et 
al., 1984). 

For meniscus depletion experiments, free ea2+ concentra- 
tions were established by dialysis. For short-column experi- 
ments, buffer containing concentrated CaC12 was added di- 
rectly to the solution just prior to centrifugation, leading to 
a small (<5%) uncertainty in the free ea2+ concentration. Gla 
peptide was dialyzed against the same buffer as the proteins 
and then added directly to the solution and reference sectors. 
Redistribution of Ca2+ or Gla peptide was negligible at the 
concentrations and rotor speeds used. All additions were made 
so that a constant final protein concentration resulted. 

Data Analysis. For each sample, between 75 (short column) 
and 400 (meniscus depletion) data points were acquired at a 
maximum spacing of 10 pm (cell coordinates). Blank cor- 
rection and data editing were performed using REEDIT (kindly 
provided by D. Yphantis). Nonlinear least-squares analyses 
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were performed using NONLIN (Johnson et al., 1981). The 65% 
confidence interval determined by NONLIN is only an estimate 
of the precision of the fit and does not reflect the accuracy 
of a model (Johnson et al., 1981). Models found useful in- 
cluded that for nonideal self-association (Johnson et al., 1981; 
Laue et al., 1984; Luckow et al., 1989) 
Y(r)  = 6 + a exp(ut - 2j3[Y(r) - 61) + 

C exdN[u5 - 28[YW - 6111 (2) 
N>1 

as well as that for an ideal heteroassociation (Luckow et al., 
1989) 

Y(r)  = 6 + CYA exp(aA5) + (YB exp(uBt) + 
aAdKzB exp[(UA + NuB)41 (3) 

-1 

where Y(r)  is the fringe displacement (in fringes) at a radius 
r, 6 is the base-line offset, a is the monomer activity at the 
arbitrary reference radius ro, u is the reduced molecular weight, 
5 = (1.2 - rO2)/2,  j3 is the nonideality cQefficient,-N is the 
stoichiometry of the association, K is the association constant 
of the complex, and the subscripts A and B refer to the reacting 
species in the heterwmplex (Johnson et al., 1981). The model 
for a single, ideal thermodynamic component (“single 
component”) used eq 2 with 8 = 0 and In KN = -1 X 104. This 
same equation was used to model ideal (j3 = 0) heterodimer 
formation as a “pseudo self-association” when the difference 
in u between the interacting components was less than 2.5 
(Laue et al., 1984; Luckow et al., 1989). 

Buffer Densities and Protein Partial Speci’c Volume. 
Buffer densities, determined at 23.3 OC using a density meter 
(Mettler/Paar Model DMA 02 D) and published methods 
(Kratky et al., 1973), were 1.0040 g/mL for buffer containing 
either 2 mM EDTA or 0.3 mM CaC12 and 1.0044 g/mL for 
buffer containing 5 mM CaC12. Chelex-treated buffer was 
assumed to have a density of 1.0040 g/mL. The partial 
specific volumes calculated from amino acid and carbohydrate 
compositions (McMeekin & Marshall, 1952; Durschlag, 1986) 
were as follows: bovine protein C, human protein C, APC, 
and gdPC, 0.712 mL/g; elTM, 0.692 mL/g; bovine thrombin, 
0.731 mL/g; and the Gla peptide of protein C, 0.702 mL/g 
(Olsen, 1991). 

Conversion of Units. The conversion from the fringe dis- 
placement concentration scale to molar concentration scale 
was done as described previously (Laue et al., 1984; Luckow 
et al., 1989) using a specific fringe displacement of 3.52 
fringes-L/g. Dissociation energies were calculated using AGO ’ 
= -RT In Kd, where R is the universal gas constant, T is 
temperature, and Kd is the reciprocal of the best-fit association 
constant returned by NONLIN (Johnson et al., 1981). 

Assay of the Inhibition of Protein C Activation by Activated 
Protein C. Protein C activation rates were determined as 
described previously (Esmon et al., 1983). Assays were con- 
ducted under optimal conditions for activation as follows. 
Protein C activation by thrombin ( 5  nM) alone was done in 
1.0 mM EDTA, 0.1 M NaCl, 0.02 M Tris-HC1, and 0.1% 
gelatin, pH 7.5, at 37 “C for 10 min. Protein C activation 
by thrombin and elTM (20 nM) was camed out similarly, but 
the reaction time was decreased to 5 min and 0.3 mM CaC12 
was used instead of EDTA. To ensure that the thrombin was 
maximally bound by elTM, a mixture of PPACK-inhibited 
thrombin (1 5 nM, >99% inhibition) and thrombin (0.04 nM) 
was used. After incubation, both reactions were stopEed by 
the qddition of antithrombin 111, and APC production was 
measured by observing the rate of hydrolysis of B-Phe-pipe- 
coyl-Arg-p-nitroanilide (S-2238) that was at an initial con- 

Olsen et al. 

Table I: Properties of the Isolated Components in 2.0 mM EDTA 
speede 

concnb ( X ~ O - ~  BM,c rmd 

BPC 9.42 24,28 62400 0 0.014 

gdBPC 15.0 20,24 54600 8 0.019 

HPC 16.6 20, 24 61400 0 0.030 

gdHPC 10.0 20,24, 54100 13 0.024 

protein“ (pM) rpm) MP (mL/g) (fr) 

(62 200-62 700) 

(54200-54900) (6-10) 

(60900-61900) 

28 (53 500-54700) (8-18) 
elTM 18.3 20, 24, 43900 0 0.022 

BTp 42.0 20, 24, 38800 0 0.020 
28, 32 (34700-35 104) 

28, 32 (38 600-39000) 
“Abbreviations for protein names: BPC, bovine protein C; gdBPC, 

bovine Gla-domainless protein C; HPC, human protein C; gdHPC, 
human Gla-domainless protein C; elTM, elastase fragment of rabbit 
thrombomodulin; BTp, PPACK-inhibited bovine thrombin. 

Simultaneous fit to data ac- 
quired at the listed rotor speeds. Molecular weight determined from 
u using partial specific volumes and densities listed under Materials 
and Methods. 65% confidence interval (in parentheses). eProduct of 
the second virial coefficient and the fitted molecular weight. /Square 
root of the variance of fit in units of fringe displacement (fr). 

Maximum cell loading concentration. 

centration of 0.2 mM (Esmon et al., 1983). The reaction was 
monitored at 405 nm with a Molecular Devices V,,, spec- 
trophotometer at room temperature (21-25 “C). Residual 
activity of DEGR-inhibited APC was subtracted from the final 
results. 

RESULTS 
Sedimentation Equilibrium of the Individual Proteins. The 

molecular weights of the individual proteins in buffer con- 
taining 2 mM EDTA are presented in Table I. No significant 
self-association (Kd > 1.5 mM) could be detected, even with 
the addition of up to 5 mM CaC12, thus simplifying the study 
of the heteroassociations (Olsen, 1991). 

Bovine and human protein C consistently exhibit nearly 
identical molecular weights (Table I). This is somewhat 
unexpected since human protein C has a glycosylation variation 
leading to an expected difference of 5000 in molecular weight 
(Kisiel et al., 1976; Kisiel, 1979; Grinnell et al., 1991). 
Identical molecular weights were determined from several 
preparations of each protein, and it is not understood at this 
time why no difference was observed. Activation of protein 
C leads to no detectable change in molecular weight (Olsen, 
1991). This suggests that the activation peptide remains 
noncovalently associated with the protein. However, an al- 
ternative explanation is that the loss in mass accompanying 
activation ( ~ 1 4 0 0  g/mol) is compensated by a slight (<0.1%) 
decrease in 0. The molecular weights determined for bovine 
and human gdPC are about 5% lower than expected (Esmon 
et al., 1983). The reason for this is unclear, but may result 
from a slight decrease in partial specific volume accompanying 
the removal of the Gla domain. Data for either gdPC were 
of sufficient quality to determine the second virial coefficient, 
which did not change detectably upon addition of CaZ+ (Olsen, 
1991). 

The calculated amino acid chain molecular weight of elTM 
is 27 400 (Stearns et al., 1989). However, within the elTM 
sequence there are two potential Asn-linked glycosylation sites 
(residues 409 and 411). The molecular weight from sedi- 
mentation equilibrium (Table I) is consistent with a model of 
elTM in which both potential Asn-linked glycosylation sites 
are occupied with M, ~ 3 5 0 0  oligosaccharides (Kornfeld & 
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Table 11: Interactions of PPACK-Inhibited Bovine Thrombin, Bovine Protein C, Bovine-Activated Protein C, and Gla-Domainless Bovine Protein 
C with elTM 

concnb buffer speedd rmsg 

BTp + elTM 21.5 2.0 EDTA 20, 24 73 300 undh 0.043' 

0.3 CaZ+ 20, 24 69 900 undh 0.032' 

20,24 36 7001 0.042 0.032k 

5.0 CaZ+ 20,24 36 7001 4.19 0.040k 

proteina (PM) addition' (mM) (xio-' rpm) M,c Kdf (PM) (fr) 

(72 500-74 000) 

(68 700-71 000) 

(0.01-0.18) 

(3.7-4.7) 
BPC + elTM 4.7 2.0 EDTA 15,20 48 1001 82.0 0.018 

0.3 Ca2+ 15,20 48 1001 71.0 0.019 

5.0 CaZ+ 15,20 48 1001 69.0 0.017 

(77.0-87.0) 

(66.0-75.0) 

(65.0-74.0) 

(31 B-41 .O) 

(42.0-67.0) 

BAPC' + elTM 7.0 none"' 20, 24, 28 48 1001 35.0 0.008 

0.5 Ca2+ 20, 24, 28 48 1001 53.0 0.016 

4.0 CaZt 20, 24, 28 48 1001 52.0 0.013 
(44.0-61.0) 

gdBPC + elTM 5.0 2.0 EDTA 15,20 49 400 nd" 0.021 

0.3 Ca2+ 15, 20 49 200 nd" 0.020 
(49 000-49 800) 

(48 800-49 600) 

(51 100-52800) 
5.0 Ca2+ 15,20 51 800 nd" 0.046 

~~ ~~ 

'Protein abbreviations given in Table I. Cell loading concentration of each protein. 'Proteins dialyzed against buffer containing the addition 
listed. dSimultaneous fit to data acquired at the listed rotor speeds. 'Molecular weight and the 65% confidence interval (in parentheses). 
/Dissociation constant and the 65% confidence interval (in parentheses). gSquare root of the variance of fit in b i t s  of fringe displacement. bund = 
no dissociation detected. 'Modeled as a single ideal component (see Materials and Methods). 'This value was held constant during the fit. 

Modeled as pseudo-self-association (see Materials and Methods). 'Short-column sedimentation results. See Materials and Methods for details. 
"'Chelex-treated buffer and glassware (Olsen, 1991). "nd = no association detected. 

Kornfeld, 1985). This would mean that elTM is 21% carbo- 
hydrate by weight which could explain the anomalously high 
apparent molecular weight observed for elTM by SDS-PAGE 
(M, =50000; Kurosawa et al., 1987). 

The molecular weight of PPACK-inhibited thrombin 
measured by sedimentation equilibrium is within the experi- 
mental error of previous results (Baughman & Waugh, 1967; 
Owen et al., 1974) when the mass of the tripeptide inhibitor 
is taken into account. 

Interaction of elTM with Thrombin. The interaction of 
elTM with thrombin in the absence of CaC12 is too strong to 
determine a reliable estimate of Kd using the methods em- 
ployed here (Table 11). The molecular weight is egactly that 
expected for a 1:l complex of elTM and thrombin. Under the 
conditions of these experiments, modeling suggests that the 
upper limit for Kd is about lo-* M (Laue et al., 1984). With 
the addition of 0.3 mM CaC12 to buffer, the data fit equally 
well to either of two models (see Materials and Methqs, eq 
1): (1) elTM-thrombin behaving as a single ideal component 
or (2) a monomer-dimer pseudo-self-assdciation (Laue et al., 
1984; Luckow et al., 1989). However, the molekular weight 
for the single component is somewhat lower thah that antic- 
ipated for the 1:l complex, suggesting that use of the inter- 
acting model is justified. The estimated & is at the lower limit 
of detection using this experimental arrangement. The ad- 
dition of more Ca2+ further weakened the interaction between 
elTM and thrombin, such that at 5 mM Ca2+ a significant 
fraction of the elTM-T complex is dissociated, even at the 
elevated protein concentrations employed here. 

Interaction of elTM and Protein C. The interaction of 
elTM with either bovine protein C or APC is weak (Kd = 70 
pM, using a pseudo-self-association model assuming a mo- 
nomer M, = 48 100; Laue et al., 1984; Luckow et al., 1989) 
and relatively Ca2+ insensitive (Table 11). When human 

protein C is substituted for bovine protein C, binding to elTM 
is even weaker (Kd = 250 pM), but still Caz+-independent 
(Olsen, 1991). Due to its extreme weakness, no reliable Kd 
could be determined for the interaction between elTM and 
gdPC (Table 11). However, the observed molecular weight 
is somewhat higher than that expected for a noninteraeting 
mixture of these proteins (448i)o), suggesting that a very weak 
interaction (Kd > 1 mM) may be occurring between them. 
These data indicate that the intetaction between protein C and 
elTM requires the Gla domain. 

Interaction of Thrombin and Protein C. CaC12 was not 
required for the interaction betweerl thrombin and protein C 
or APC (Figure 1). This was expected since thrombin ac- 
tivates protein C optimally in the absence of Ca2+ (K, = 1.2 
pM). The addition of 3 mM CaC12 increases the K,,, to more 
than 60 pM (Esmon et al., 1983), and the dkcrease in mo- 
lecular weight seen here is consisterlt with the kinetic obser- 
vations. However, the data at 0 mM CaZ+ (Figure 1) make 
it apparent that oligomers larger than 1 : 1 thrombin-protein 
C are formed, revealing a complexity not detected by kinetic 
analysis. 

There is some uncertainty in the stoichiometfy of the higher 
order complexes in the mixtures of protein C with thrombin. 
Numerous models were tried that might describe the higher 
oligomers (Obn ,  1991). On the basis of the criteria discussed 
in Luckow et al. (1989), the model that consistently fit the 
data best was 

thrombin + C e thrombin-C t C thrombinc, 

This same model best described the interaction between 
thrombin and APC. Using this model, the [Ca2+] dependence 
of the free energies for the dissociation in the first step of this 
scheme is presented in Figure 2, and that for the second step 
is presented in Figure 3. Comparison of these figures indicates 
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Olsen et al. 

1 

I3O' 
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' O t  
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[CaC121TOTAL mM 
FIGURE 2: Free energy of dissociation of protein C from thrombin, 
Le., thrombin-protein C - thrombin + protein C (O), and of APC 
from thrombin, i.e., thrombin-APC - thrombin + APC (A). Values 
of the free energy were determined using eq 2 and the best-fit values 
from NONLIN for the dissociation constant as described under Materials 
and Methods. 

that approximately the same amount of energy is required to 
dissociate the first and second protein C molecules from 
thrombin under low-Ca2+ conditions. Nearly identical dis- 
sociation energies were determined for the first interaction 
when models describing other higher oligomers in the second 
interaction (e.g., T2-protein C2) were used for analysis, thus 
increasing our confidence in the values presented in Figure 
2. Identical results are obtained when DFP-inhibited thrombin 
is used in place of PPACK-inhibited thrombin (Olsen, 1991). 
Substitution of human protein C for bovine protein C results 
in binding to thrombin with a similar [Ca2+] dependence 
(Figure l), and oligomers greater than a 1:l thrombin-protein 
C complex are formed. However, human protein C exhibits 
binding affinity in 2 mM EDTA approximately an order of 
magnitude weaker than bovine protein C (Kd = 12 pM for 
human protein C versus 1.2 pM for bovine protein C). 

It is evident from Figures 1-3 that APC binds to thrombin 
as well or even slightly better than protein C. This is somewhat 
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FIGURE 3: Free energy of dissociation of protein C from a throm- 
bin-protein C complex, Le., thrombin-protein C2 - thrombin-protein 
C + protein C (O), and of APC from thrombin-APC (A). Values 
of the free energy were determined using eq 2 and the best-fit values 
from NONLIN for the dissociation constant as described under Materials 
and Methods. 
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FIGURE 4: Activation of protein C by thrombin is inhibited by activated 
protein C. The reaction was carried out as described under Materials 
and Methods. The initial concentrations of protein C used were 0.4 
pM (O), 0.8 pM (V), and 1.2 pM (B). This is a representative Dixon 
plot of several trials. BAPCi = DEGR-inhibited bovine activated 
protein C. 

surprising since APC is the product of the thrombin-catalyzed 
activation reaction and, thus, suggests that APC would be a 
potent inhibitor of protein C activation. Indeed, APC inhibits 
protein C activation with an apparent Ki = 0.5 pM (Figure 
4), a value well below the apparent K, (1.2 pM, Esmon et al., 
1983) for protein C under these conditions. The inhibition 
appears to be competitive, as would be expected if these 
molecules were binding to the same site. On the basis of the 
equilibrium data, under the conditions used here there would 
be insignificant levels of thrombin-protein C2 or thrombin- 
APC2 in the reaction mixtures. 

Interaction of elTM, Thrombin, and Protein C.  The in- 
teraction of protein C with thrombin and elTM was examined 
(Figure 5 ) .  It is clear that Ca2+ is not required for complex 
formation and that the Ca2+-dependent decrease in M, is 
similar to that for the interaction with thrombin alone (Figure 
1). However, unlike thrombin alone, there is no indication 
of a second protein C binding site on elTM-T, since even in 
the absence of Ca2+ there was no evidence for species larger 
than a 1:l:l elTM-thrombin-protein C complex ( M ,  = 
136 100). The simplest explanation for this observation is that 
protein C and elTM compete for one of the two sites on 
thrombin. In the absence of Ca2+, elTM-T can be treated as 
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FIGURE 5:  z-Average molecular weight, as determined by short-column 
sedimentation equilibrium, of equimolar mixtures of three proteins: 
8 pM each of thrombin, elTM, and protein C (0) ;  7 r M  each of 
thrombin, activated protein C, and elTM (e); and 7 pM for thrombin, 
Gla-domainless protein C, and elTM (A). Samples were prepared 
as described under Materials and Methods. The dashed line represents 
the expected M, for no interaction between thrombin, protein C, and 
elTM. The solid line represents the expected M, for 1 : 1 : 1 association 
of thrombin, protein C, and elTM. Each point represents a simul- 
taneous fit of the data to three speeds: 20 000,24 000, and 28 000 
rpm. 

Table 111: Estimates of the Kd between elTM-Thrombin and Bovine 
Protein C, Bovine APC, or Bovine Gla-Domainless Protein C in the 
Absence of Ca2* 

concn' speedb rmsC 
protein (PM) (xio-3 rpm) M,C KJ (MM) (fr) 

BPC + 8.0 15, 20, 24 67600 1.70 0.030 
elTM-BTp' (1.30-2.30) 

elTM-BTp (0.650-1.30) 

elTM-BTp (166-201) 

BAPC + 7.0 15, 20, 24 67600 0.890 0.024 

gdBPC + 7.0 15,20,24 64400 181 0.012 

"Cell loading concentration of each protein. bSimultaneous fit to data 
acquired at the listed rotor speeds. cThis molecular weight was held con- 
stant during the fit. dDissociation constant determined and the 65% confi- 
dence interval (in parentheses). 'Square root of the variance of fit in units 
of fringes. 'Protein abbreviations given in Table I; elTM-BTp, 1:l complex 
of PPACK-inhibited bovine thrombin and the elastase fragment of rabbit 
thrombomcdulin. 

a single component (Laue et al., 1984; Luckow et al., 1989) 
whose interaction with protein C is fit best as a pseudo-self- 
association to dimer (Table 111). In 0 mM Ca2+, APC binds 
to elTM-T with equal or slightly greater affinity than protein 
C does (Figure 5 ,  Table 111). At 300 pM Ca2+, the interaction 
was too complicated to fit to any simple model to determine 
Kd. Substitution of human protein C for bovine protein C 
results in a similar Ca2+ dependence (Figure 5 ) ,  but with a 
somewhat lower binding affinity (Olsen, 1991). 

Though not large, there was an apparent and reproducible 
difference in the z-average molecular weight of elTM, 
thrombin, and protein C as compared to that of elTM, 
thrombin, and APC, particularly at [CaC12] above 0.5 mM 
(Figure 5 ) .  This suggests that elTM may somehow enhance 
the discrimination between protein C and APC. The use of 
DFP-inhibited thrombin in place of PPACK-inhibited throm- 
bin yielded results that are indistinguishable from those in 
Figure 5 (Olsen, 1991), again suggesting that the lack of 
discrimination is not the result of the peptide inhibitor. 

The Gla domain is required for the interaction of protein 
C with elTM-T. Not only is the [Ca*+] dependence of the 
interaction eliminated by its removal (Figure 5 )  but also in 
0 mM Ca2+ the apparent Kd of gdPC for the elTM-thrombin 
complex is more than 100-fold larger than that of protein C 
(Table 111). 

16 

14 

12 

10 

8 

6 

4 

2 

0 
-8 -6 -4 -2 0 2 4 6 8 10 

W P C I  IJM 

FIGURE 6: Activation of protein C by thrombin and elTM is inhibited 
by activated protein C. The activation was carried out as described 
under Materials and Methods. The initial concentrations of protein 
C used were 0.1 (O), 0.2 (W), 0.4 (4), and 0.8 pM (A). This is a 
representative Dixon plot of several trials. BAPCi = DEGR-inhibited 
bovine APC. There are no data points for the zero concentration of 
inhibitor condition since it was found that the protein C was sticking 
to the test tube walls due to the presence of CaZ+. 
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FIGURE 7: Effect of the Gla peptide on the z-average molecular weight 
of mixtures of elTM and thrombin (A) and of elTM and activated 
protein C (m). Short-column sedimentation equilibrium was used to 
determine the M, at the indicated concentrations of the Gla peptide. 
Samples were prepared as described with Materials and Methods. 
The equimolar protein concentrations used were the following: for 
the elTM-thrombin mixture, 5 pM; for the elTM-activated protein 
C mixture, 5 pM. Each point represents the simultaneous fit of data 
acquired at 20 000, 24 000, and 28 000 rpm. 

Under conditions of optimal protein C activation by elTM- 
T, APC is not as effective an inhibitor (Ki = 3.0-5.0 pM, 
Figure 6) as it is of protein C activation by thrombin alone 
(Figure 4). The inhibition appears to be competitive. As 
shown in Figure 5 at 300 pM Ca2+, the decreased efficiency 
of APC as an inhibitor probably reflects the difference in the 
affinities of protein C and APC for elTM-thrombin. 

Effect of the Gla Peptide on the Interaction of elTM with 
Thrombin and Protein C. The bovine Gla peptide, a 41 amino 
acid peptide, was generated by the partial chymotryptic di- 
gestion of bovine protein C (Esmon et al., 1983). Sedimen- 
tation equilibrium of the Gla peptide in the absence of CaZ+ 
indicated that it exists in a monomer-dimer equilibrium with 
a dissociation constant of 4.5 pM (Olsen, 1991). The dimer 
has a molecular weight of about 9700. 

Short-column sedimentation equilibrium experiments were 
conducted with mixtures of elTM and thrombin or elTM and 
APC, with the addition of several concentrations of the Gla 
peptide (Figure 7). Conditions were chosen so that the Gla 
peptide did not contribute significantly to the concentration 
gradient. Two Gla domains bind to elTM-thrombin as evi- 
denced by the gain in molecular weight upon addition of the 
Gla peptide (Figure 7). On the other hand, the M ,  of the 
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FIGW 8: Effect of the Gla peptide on the z-average molecular weight 
of mixtures of thrombin and protein C (A) and of thrombin and 
activated protein C (m). Short-column sedimentation equilibrium was 
used to determine the M, at the indicated concentrations of Gla 
peptide. Samples were prepared as described under Materials and 
Methods. The equimolar protein concentrations used were as follows: 
for the thrombin-protein C mixture, 5 pM; for the thrombinactivated 
protein C mixture, 5 pM. Each point represents the simultaneous 
fit of data acquired at 20 000, 24 000, and 28 000 rpm. 

Table IV: Sedimentation Coefficients and Frictional Coefficient 
Ratios Determined in 2 mM EDTA for Thrombin, elTM, Bovine 
Protein C, and the Thrombin-elTM Complex 

proteina s 2 0 w  (SI flfo 
3.39 1.15 
2.53 1.65 

BPC 4.02 1.43 
elTM-BTp 4.20 1.50 

BTP 
elTM 

OProtein abbreviations given in Tables I and 111. 

elTM and APC mixture decreased slightly with the addition 
of the Gla peptide, consistent with competition of the Gla 
peptide with APC for binding to elTM. 

Effect of the Gla Peptide on the Interaction of Thrombin 
and Protein C. Titration of a mixture of thrombin and protein 
C with Gla peptide results in a decrease in M, (Figure 8). 
This decrease is consistent with competition between the Gla 
peptide and protein C or APC for thrombin binding. The 
specificity of this competition was tested by substituting the 
Gla domain from factor X for that from protein C. In the 
presence of an 8-fold molar excess (42 pM) of factor X-Gla 
domain, the z-average molecular weight decreased slightly 
from 115 000 in the absence Gla peptide to 105 000 (data not 
shown). Thus, although the Gla domains of the blood coag- 
ulation proteins are very similar (Furie & Furie, 1990), it 
appears that there may be Gla domain specificity in these 
interactions. 

Hydrodynamic Analysis. Sedimentation coefficients and 
frictional coefficient ratios for thrombin, elTM, protein C, and 
the thrombin and elTM mixture are presented in Table IV. 
Indistinguishable results were obtained with the Model E and 
the XLA analytical ultracentrifuges. Expected prolate ellipsoid 
axial ratios for these molecules at various degrees of hydration 
are presented in Figure 9. 

Bovine thrombin sediments as a symmetrical molecule. The 
value reported here is somewhat lower than that reported 
previously (3.7 S; Seegers et al., 1968) for uninhibited 
thrombin, with the difference possibly due to the prevention 
of active-site-mediated oligomerization in our sample. Bovine 
protein C is somewhat more asymmetric, suggesting that the 
EGF domains may form an asymmetric unit attached to the 
catalytic domain. The degree of asymmetry of protein C is 
in accord with other EGF-containing clotting proteins. The 
1:3 molar ratio mixture of elTM and thrombin exhibited two 
boundaries that were not well resolved except by using the 
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FIGURE 9: Prolate ellipsoid axial ratios of PPACK-inhibited bovine 
thrombin, elTM, bovine protein C, and the elmM-thrombin complex. 
Values of the prolate axial ratio were determined at the indicated 
degrees of hydration by using the procedure described under Materials 
and Methods. The axial ratios were computed by using the following 
data for molecular weights and sedimentation coefficients: for 
thrombin (B), 38 800 and 3.39 S; for elTM (A), 34 900 and 2.53 S; 
for protein C (+), 62 400 and 4.02 S; for the thrombin and elTM 
complex (O), 73 700 and 4.2, S. 

method of Van Holde and Weischet (1978). Using their 
method, the faster boundary, presumably elTM-T, was 4.2 
s, and the slower was about 2.5-2.6 s, corresponding to the 
excess elTM. 

DISCUSSION 
Role of Ca2+ in Protein C Activation. The present results 

demonstrate that Ca2+ is not required for any of the inter- 
actions in the protein C activation complex and argue against 
a model in which the enhanced activation of protein C by 
thrombin and elTM in 0.3 mM CaClz results from the for- 
mation of a Ca2+ bridge between protein C and elTM (Ku- 
rosawa et al., 1987). In fact, the addition of increasing 
quantities of Ca2+ weakens the interactions between protein 
C and thrombin (Figures 1-3 and Figures 5-7) or between 
elTM and thrombin (Table 11). Furthermore, the interaction 
of protein C (or APC) with elTM is weak and unaltered by 
the addition of Caz+ (Table 11). Thus, while these observations 
do not rule out the presence of CaZ bridges, they do diminish 
their potential contribution to protein-protein binding. On 
the other hand, protein C is known to undergo conformational 
changes in the presence of Ca2+ (Johnson et al., 1983). Thus, 
the more important role of Ca2+ may be to bring about the 
conformational changes necessary for optimal activation. 
These changes are likely to be at the cleavage site and not 
detected accurately with the inactive thrombin derivatives used 
in this study. 

Role of the Gla Domain in Protein-Protein Interactions. 
It is known that the Gla domains of several blood coagulation 
proteins are required for protein-phospholipid interactions 
(Nelsestuen & Broderius, 1977). Recently, evidence has been 
presented suggesting Gla mediation of protein-protein inter- 
actions in VIIa binding to tissue factor (Sakai et al., 1990). 
Likewise, it has been shown that the Gla domain of protein 
C is necessary for the optimal activation of protein C by 
endothelial cell surface thrombomodulin and thrombin (Esmon 
et al., 1983). The present data demonstrate that the Gla 
peptide from protein C is required for protein C interaction 
with either elTM (Table 11) or elTM-T (Figure 5, Table 111). 
Moreover, Gla peptide binding to elTM-T was demonstrated 
directly (Figure 7), as was its ability to compete specifically 
with protein C or APC for thrombin binding (Figure S), even 
in the absence of Ca2+. Taken together, these results suggest 
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that the Gla domain may contribute directly to the interactions 
of protein C with elTM and with thrombin. In the case of 
thrombin, it is possible that the Gla domain may be interacting 
with either or both of the two basic amino acid regions near 
thrombin's active-site cleft (Bode et al., 1990). However, it 
is unlikely that the Gla peptide is solely responsible for the 
interaction of protein C with thrombin, since excess peptide 
failed to completely eliminate the thrombin-protein C inter- 
action (Figure 8). 

APC Inhibition of Protein C Activation. It was surprising 
to find that thrombin could not discriminate between its 
substrate, protein C, and its product, activated protein C 
(Figure 2). Initially we postulated that PPACK might block 
substrate access to subsites in the substrate binding cleft of 
thrombin and that these sites might be important in distin- 
guishing between protein C and APC. This hypothesis was 
tested with thrombin that had been inhibited with DFP. 
However, in all cases, DFP-inhibited thrombin yielded results 
indistinguishable from PPACK-inhibited thrombin (Olsen, 
199 l), suggesting either that merely disrupting thrombin in 
the vicinity of the catalytic site was sufficient to lose dis- 
crimination or that thrombin does not discriminate between 
binding C and APC. The kinetic results (Figures 4 and 6) 
support the latter conclusion by demonstrating that APC is 
a potent inhibitor of protein C activation and suggesting that 
APC can bind to thrombin more tightly than protein C. The 
physiological significance of this observation is not clear, but, 
in vivo, both protein C and activated protein C are at con- 
centrations well below K,  and, thus, it is unlikely that APC 
inhibits activation under physiological conditions. 

Hydrodynamics. X-ray diffraction had shown that throm- 
bin is nearly spherical and has a diameter of about 4.5 nm 
(Bode et ai., 1989). If the estimate of the axial ratio from 
sedimentation of about 1 .O for thrombin is reasonable, then 
Figure 1 indicates that thrombin is hydrated at about 0.4-0.5 
of H,O/g of protein, which is slightly higher than most proteins 
(0.2-0.35 g of H,O/g of protein; Kuntz & Kaufman, 1974). 
However, this hydration value is close to estimates for the 
hydration of chymotrypsin-like molecules (Harding, 1989). 

The primary thrombin binding site on thrombomodulin has 
been localized to the fifth and sixth EGF-like domains of elTM 
(Kurosawa et al., 1988; Suzuki et al., 1989). Thus, thrombin 
is binding near the carboxyl terminus of elTM. Since the axial 
ratios indicate that elTM-T is less asymmetric than elTM, 
these data suggest that thrombin binds along the side of the 
more rod-like elTM. Thus, even though the interaction en- 
ergies are nearly identical for protein C with elTM-thrombin 
and for protein C with thrombin alone, it is quite possible that 
the binding of protein C to elTM alone (Table 11) contributes 
to the stabilization of the ternary complex. 

The activation of protein C by elTM-thrombin can be 
thought of as a ligand-mediated, receptor-mediated interaction 
of an enzyme with its substrate and its product. The results 
of the current paper reveal the complexity of the interactions 
underlying the activation kinetics and demonstrate the utility 
of analytical ultracentrifugation for examining such systems. 
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Molecular Modeling of the Domain Structure of C9 of Human Complement by 
Neutron and X-ray Solution Scattering 
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ABSTRACT: C9 is the most abundant component of the membrane attack complex of the complement system 
of immune defense. This is a typical mosaic protein with thrombospondin (TSR) and low density lipoprotein 
receptor (LDLr) domains at  its N-terminus and an epidermal growth factor-like (EGF) domain at  its 
C-terminus. Between these lies a perforin-like sequence. In order to define the arrangement in solution 
of these four moieties in C9, high-flux neutron and synchrotron X-ray solution scattering studies were carried 
out. The neutron radius of gyration RG at  infinite contrast is 3.33 nm, and its cross-sectional RG (Rxs) 
is 1.66 nm. Similar values were obtained by synchrotron X-ray scattering after allowance for radiation 
effects. Stuhrmann analyses showed that the neutron radial inhomogeneity of scattering density a is 35 
X from the Rxs data. These values are typical for soluble glycoproteins 
and show no evidence for the existence of any large hydrophobic surface patches on free C9 that might 
form contacts with lipids. Indirect transformation of the neutron and X-ray scattering curves into real space 
showed that C9 had a maximum dimension estimated as 12 f 2 nm, and this suggests that the lengths of 
7-8 nm deduced from previous electron microscopy studies in vacuo are underestimated. Molecular modeling 
of the C9 scattering curves utilized small spheres in the Debye equation, in which the analyses were constrained 
by the known volumes of the four moieties of C9 and the known sizes of the TSR and EGF-like domains. 
The most likely models for C9 suggest that these four regions of C9 are arranged in a V-shaped structure, 
with an angle of loo between the two arms, each of length 11.1 nm. This structure has a more hydrophobic 
character between the two arms. The scattering model is fully consistent with hydrodynamic sedimentation 
data on C9. Similar V-shaped hydrodynamic models could be developed for C6, C7, C8, and C9 of 
complement. Such a compact structure is atypical of other multidomain complement proteins so far studied 
by solution scattering and is fully compatible with mechanisms in which C9 is postulated, on activation, 
to undergo a drastic unfolding of its domain structure and to expose a more hydrophobic surface which 
can be embedded into lipid bilayers. 

from the & data and 16 X 

%e activation of the complement system in response to the 
challenge of foreign material in plasma provides a major non- 
adaptive immune defense mechanism for its host (Reid, 1986; 

*To whom correspondence and requests for reprints should be ad- 

$Royal Free Hospital School of Medicine. 
5 MRC Molecular Immunopathology Unit. 

dressed. 

Law & Reid, 1988). Initially, activation proceeds through 
a series of limited proteolytic steps in one of two largely in- 
dependent pathways, the classical and alternative pathways. 
These merge in the lytic pathway, in which the generation of 
C3b constitutes the essential component of the C5 convertases, 
which generate C5b from C5. The sequential addition of the 
late complement components C6, C7, and C8 (a three-chain 
molecule constructed from C8a, CSP, and C8r) and several 
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